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Abstract  
For the first time, gliadin films with excellent strength and wa-
ter stability have been developed without using any cross-
linking agents. So far, it has not been possible to obtain wa-
ter stable gliadin films even after crosslinking. In this research, 
a novel method of using aqueous urea and ethanol has been 
developed to obtain highly water stable gliadin films without 
using crosslinking chemicals. The effects of concentrations of 
gliadin, urea and ethanol on the strength of the films and the 
stability of the films in water at high temperatures and vari-
ous pH conditions has been studied. Gliadin films developed 
in this research have strength of about 30 MPa similar to the 
strength of previously reported gliadin films crosslinked with 
aldehydes and cysteine. Gliadin films obtained in this research 
were stable in pH 7.2 water at 50 °C for 20 days. The gliadin 
films did not dissolve in 70% ethanol which readily dissolves 
gliadin powder. 
Keywords: Gliadin, Films, Proteins, Water stability, 
Crosslinking 
Introduction
Plant proteins such as wheat gluten and gliadin, soypro-
teins and zein have been extensively studied to develop 
films due to their unique properties, easy degradabil-
ity after use and large availability at low costs [1–5]. In 
addition to films, plant proteins have also been used to 
develop regenerated protein fibers for various applica-
tions [6–9]. However, films and fibers made from plant 
proteins have relatively poor mechanical properties and 
stability in water compared to similar materials made 
from synthetic polymers. Therefore, attempts have been 
made to improve the properties of plant protein based 
films and fibers using chemical and physical modifica-
tions [1, 3, 5, 10–12]. 
Among plant proteins, wheat proteins are preferred 
for making films due to their selective barrier prop-
erties to gases, high elasticity and other favorable film 
forming properties [4, 11, 12]. Gliadins are the low mo-
lecular weight wheat proteins that dissolve in aqueous 
ethanol. Previously, films were cast from gliadin us-
ing aqueous ethanol as the solvent and glycerol as the 
plasticizing agent [3, 4, 13]. The gliadin films made us-
ing ethanol as a solvent had poor mechanical proper-
ties and disintegrated in water immediately. Gliadin 
films were therefore crosslinked using various cross-
linking agents such as glutaraldehyde, formaldehyde, 
glyoxal and cysteine to improve the mechanical proper-
ties and water stability [3, 4, 13]. Formaldehyde cross-
linked gliadin films had strength of 30 MPa compared 
to 10 MPa for the non-crosslinked films at 50% relative 
humidity. However, the crosslinked films lost their in-
tegrity at 90% relative humidity [4]. Similarly, crosslink-
ing with cysteine provided good strength and better wa-
ter stability to gliadin films and the films had strength of 
about 4 MPa at 90% relative humidity [7]. In another re-
port, gliadin films crosslinked with formaldehyde, glu-
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taraldehyde and glyoxal had strength ranging from 2 to 
7 MPa and the films were stable in water at 23 °C [13]. 
Although formaldehyde crosslinked gliadin films were 
stable in water, it is preferable not to use crosslinkers 
such as formaldehyde, especially for films used in food 
applications. 
It has been previously reported that intramolecular 
disulfide bonds in gliadin proteins experience irrevers-
ible transformation into intermolecular bonds when dis-
solved in high concentration urea solutions [14]. This 
transformation increases the molecular weights of the 
gliadins. The higher molecular weight gliadin proteins 
will have better mechanical properties and water stabil-
ity compared to similar materials made from low mo-
lecular weight gliadin proteins. We have recently de-
veloped high quality protein fibers from gliadin using 
aqueous urea and sodium sulfite [9]. The intermolecu-
lar transformation of disulfide bonds in gliadin proteins 
in high concentration urea solutions provided excellent 
mechanical properties and water stability to the gliadin 
fibers [9]. Attempts in our laboratory to develop glia-
din films using the method used to produce the fibers 
were unsuccessful since the high concentrations of urea 
(8 M) used precipitated upon drying and could not be 
removed without disrupting the films. 
In this research, we have developed gliadin films us-
ing a novel approach of dissolving gliadin using both 
aqueous ethanol and urea solutions. The effect of con-
centrations of gliadin, ethanol and urea on the strength 
of the films and the stability of the films in water at var-
ious pH conditions and temperatures has been studied. 
The water vapor permeability and changes in the color, 
physical structure and thermal behavior of the films 
were also examined. 
Experimental
Materials
Gliadin was extracted from commercially available 
wheat gluten (WHETPRO 80) obtained from Archer 
Daniels Midlands Company, Decatur, IL. Polylactic acid 
(PLA) pellets were supplied by Cargill, Minneapolis, 
MN. Ethanol, urea and sodium sulfite used for the study 
were reagent grade chemicals purchased from VWR In-
ternational, Bristol, CT. Urea was used as the swell-
ing agent and sodium sulfite was used as the reducing 
agent to assist the breaking of disulfide bonds and make 
the gliadin proteins soluble. 
Methods
Extracting Gliadin
Wheat gluten was treated with 70% (v/v) ethanol in 1:4 
wheat gluten to ethanol ratio at room temperature for 
about 24 h under constant stirring. The wheat gluten 
mixture was then centrifuged at 9,000 rpm for 15 min 
and the supernatant was collected. Ethanol was evap-
orated from the supernatant to obtain the dissolved 
gliadin. 
Preparing Gliadin Films
Gliadin films were cast using aqueous solutions of eth-
anol and urea. The film forming conditions such as the 
concentration of gliadin (6–9%, w/w), urea (4–6 M) and 
ethanol (30–90%, w/w) in water were varied to obtain 
films. 
Films were cast on Teflon coated glass plates and 
50 g of the film forming solution was used for each con-
dition. The required amount of gliadin was first dis-
solved in urea solution of a known concentration with 
1% (w/w) sodium sulfite as the reducing agent. Af-
ter dissolving the gliadin initially in the urea solution, 
ethanol equivalent to the amount of urea solution used 
was added and the mixture was allowed to age for 24 h 
at room temperature for the proteins to dissolve com-
pletely. The dissolved gliadin solution was poured onto 
Teflon coated glass plates and the ethanol was allowed 
to evaporate. It took about 3–6 h for most of the ethanol 
to evaporate under ambient conditions and for the pro-
teins to form a stable film. The proteins in the films were 
precipitated using 10% (w/w) sodium sulfate solution. 
After about 10 min of coagulation, the salt solution was 
drained and the films were then washed first in cold wa-
ter and later in warm water (45–50 °C) several times to 
remove salt and urea. The washed films were dried un-
der ambient conditions and later peeled from the glass 
plates. Thickness of the films was measured using a 
thickness gauge (AMES, Model: LG2600, Waltham, MA) 
with an accuracy of 1 μm. Average thickness of the films 
produced in this research was 100 ± 8 μm (one standard 
deviation). 
The PLA pellets were ground into powder and dis-
solved (7% w/w) in chloroform. The solution was 
poured onto Teflon coated glass plates and the chloro-
form was evaporated to obtain the PLA films. 
Confirming Removal of Urea
FTIR spectra of gliadin films and urea were collected 
to detect if any urea was present in the gliadin films af-
ter washing. Spectra of the film and urea powder were 
collected on a Thermo (Nicolet 380) total attenuated re-
flectance FTIR. Each sample was scanned 64 times at a 
frequency of 32 cm−1. Washing the gliadin films in wa-
ter was effective in removing most of the urea from the 
films based on the FTIR spectrum in Figure 1. The typ-
ical absorption peaks of urea at about 1682 cm−1(C=O 
stretching) and at 3320 and 3420 cm−1 (N–H stretching) 
are seen in the urea spectrum but are absent in the gli-
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adin films [15]. In addition, a spectrum of pure gliadin 
powder was subtracted from the gliadin film spectrum 
and the spectrum after subtraction did not show any 
match with urea confirming that the films did not con-
tain detectable urea. 
Tensile Properties
The tensile properties of the gliadin films were deter-
mined on an MTS tensile tester (MTS Corporation, 
Model: Qtest 10) according to ASTM standard D 882-
02. Testing was done on five samples each measuring 
10 × 1 cm randomly cut from the cast films. Three rep-
lications were done for a total of 15 tests for each con-
dition. Before testing, all samples were conditioned for 
at least 40 h in a conditioning chamber maintained at 
23 ± 0.5 °C and 50 ± 1% relative humidity. 
Physical Structure
A Rigaku D-max/BΘ/2Θ X-Ray diffractometer (Rigaku 
Americas, Woodlands, TX) with Bragg—Brentano para-
focusing geometry, a diffracted beam monochromator, 
and a copper target X-ray tube set to 40 kV and 30 mA 
was used to observe the diffraction pattern of the glia-
din powder and films. The diffraction patterns were re-
corded for 2θ values ranging from 5° to 40° on film sam-
ples measuring 2 × 2 cm. Gliadin powder was made into 
a pellet of about 5 mm thick in a hydraulic press oper-
ated at 20,000 PSI for the X-ray analysis. 
Water Vapor Permeability
The water vapor permeability of the gliadin films was 
determined according to ASTM standard E96/E96M-05. 
Three replications were done and the average water va-
por permeability is reported along with ±one standard 
deviation. 
Color of Films
The color of the gliadin films was measured on a spec-
trophotometer (Hunterlab Model: Ultrascan XE) using a 
1 inch viewing port, D65 illuminant and 10° observer. 
Samples were conditioned for at least 48 h before con-
ducting the test. Two layers from the same gliadin films 
were tested at three different places to obtain the yellow-
ness and the L*, a* and b* values. The test was repeated 
on three different films and the average with ± one stan-
dard deviations is reported. 
Resistance to Hydrolysis at Various pH Conditions
Gliadin and PLA films were treated in phosphate buff-
ered saline water (pH 7.2) at 50 °C for up to 20 days. In 
addition, the films were also treated in water adjusted to 
Figure 1. FTIR spectra shows that the gliadin films do not show any urea peaks indicating that most of the urea was removed 
from the films during washing. 
300 N. Red d y & y. ya N g i N Jou r na l of Pol y m er s a nd th e envi r o nm en t 18 (2010) 
various pH conditions (3, 5, 7, 9 and 11) for 1 h at 90 °C. 
About 0.2 g of the films were put in water and taken 
out after a specified time. The samples taken out were 
rinsed in distilled water and allowed to dry in a stan-
dard conditioning chamber maintained at 23 ± 0.5 °C 
and 50 ± 1% relative humidity. The weight of the condi-
tioned specimen after treating in water was determined 
and the % weight loss of the films in water was calcu-
lated according to Equation 1:
           %Weight loss =   
W1 – W2  ×  100   (1)
                                               W1
where  W1 = Weight of film before treatment
  W2 = Weight of film after treatment 
                       
Thermal Analysis
A differential scanning calorimeter (Mettler) was used 
to observe the thermal behavior of the gliadin films. 
Films were scanned from 25 to 240 °C at a scanning rate 
of 5 °C/min. The heating cycle was repeated twice on 
the same sample and the second scans were collected to 
observe the glass transition temperature (Tg). 
Results and Discussion
Effect of Gliadin Concentration
Films with good tensile strength were obtained with a 
gliadin concentration of 7% as seen from Figure 2. Below 
6%, there were not enough proteins and the films dis-
integrated upon washing in water to remove the urea. 
Above 9%, the proteins did not completely dissolve in 
the mixed solvent system. The strength of the 7% glia-
din films (30 MPa) is similar to the highest strength pre-
viously reported for crosslinked gliadin films under 
similar relative humidity. Previously, formaldehyde 
and cysteine crosslinked gliadin films have been re-
ported to have strength of about 30 MPa compared to 
the strength of 10 MPa for the non-crosslinked films [4, 
13]. It should be noted that the strength of the gliadin 
films developed in this research may also be increased 
further by crosslinking. 
Effect of Urea Concentration
The concentration of urea used had considerable effect 
on the strength of the gliadin films as seen from Fig-
ure 3. A urea concentration below 4 M did not com-
pletely dissolve the proteins and at concentrations 
above 6 M there was too much urea in the cast films and 
the urea precipitated upon drying. Gliadin films had the 
highest strength of 30 MPa when dissolved using 4 M 
urea. Above 4 M urea, it was not possible to wash the 
excess urea and obtain continuous films. Previously, gli-
adin films were cast using ethanol as a solvent and to 
the best of our knowledge, no reports are available on 
using urea solutions as a solvent to make films from gli-
adin. However, urea solutions are routinely used to dis-
solve proteins and make fibers [7, 8]. In the case of gli-
adin, it has been reported that high concentrations of 
urea can irreversibly transform the intramolecular di-
sulfide bonds into intermolecular disulfide bonds. Such 
transformations of the disulfide bonds lead to intermo-
lecular crosslinking and therefore increase in the molec-
ular weight of the proteins that provides better strength 
and stability to the films [14]. 
Figure 2. Effect of gliadin concentration on the strength of the 
gliadin films. Films were cast using equal amounts of 4 M urea 
solution and 90% ethanol and 1% sodium sulfite. 
Figure 3. Effect of urea concentration on the strength of the gli-
adin films. Films were cast using 7% gliadin and equal amounts 
of urea solution and 90% ethanol and 1% sodium sulfite. 
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Effect of Ethanol Concentration
Among the range of ethanol concentrations studied, 
only a mixture of 90% ethanol and 4 M urea solutions 
gives the films good strength as seen from Figure 4. This 
should be due to the effective concentration of ethanol 
in the solvent mixture. As mentioned in the experimen-
tal section, the ethanol and urea solutions are mixed in 
equal proportions to dissolve the proteins. However, the 
urea solution (4 M) contains considerable amounts of 
water that will reduce the overall concentration of etha-
nol when it is mixed with urea solution. When 90% eth-
anol is mixed with equal amounts of 4 M urea solution 
to dissolve gliadin, the effective concentration of ethanol 
in the total solution will be about 70%. Gliadin dissolves 
easily in 70% ethanol and therefore, the films will have 
good tensile strength when cast using equal amounts of 
90% alcohol and 4 M urea solution. 
Physical Structure
Both the gliadin film and gliadin powder have similar 
diffracting peaks indicating that the gliadin dissolution 
method used to make the films and the intermolecular 
transformation did not alter the physical structure of 
the gliadin proteins. The most prominent gliadin peak 
is seen at about 18° and there is another small peak at 
about 8° as seen from Figure 5. Although the physical 
structure of gluten proteins has not been studied exten-
sively, it has been shown that gluten and gliadin have 
similar crystal structure with two prominent peaks pro-
ducing d-spacings of 62 and 48Å [16, 17]. Further analy-
sis of the physical structure was not possible due to the 
weak and diffuse diffraction obtained from the films. 
Water Vapor Permeability
Gliadin films made using 7% gliadin, 4 M urea and 
90% ethanol had a water vapor permeability of 
26.6 ± 2.9 g h−1 m−2, similar to those previously reported 
for crosslinked and non-crosslinked gliadin films [3, 4, 
12, 13]. 
Color
Gliadin films made using the optimum conditions (7% 
gliadin, 4 M urea and 90% ethanol) had CIE yellowness 
index of 14 ± 3. The yellowness of gliadin films previ-
ously developed has not been reported but non-cross-
linked and gliadin films crosslinked with formalde-
hyde, glutaraldehyde and glyoxal were reported to have 
L* values ranging from 95.6 to 97.8, a* values of −0.21 
to +1.06 and b* values of 3.4–11.8. Films developed in 
this research, had corresponding L*, a* and b* values of 
90 ± 0.3, −2.7 ± 0.4 and 8.5 ± 2.0, respectively. The higher 
thickness and use of chemicals such as urea and sodium 
sulfite are some of the reasons for the varying color co-
ordinates of the films developed in this research com-
pared to those reported in literature. 
Resistance to Hydrolysis
Gliadin films are stable and lose only about 12–50% of 
their weight even after being treated in 90 °C water for 
1 h at various pH’s as seen from Figure 6. The films have 
higher weight loss in pH 11 water since proteins read-
ily hydrolyze in alkaline conditions. The PLA films have 
slightly lower weight loss at pH 3 compared to the other 
pH’s studied. The PLA films have highest weight loss 
Figure 4. Effect of ethanol concentration on the strength of 
the gliadin films. Films were cast using 7% gliadin and equal 
amounts of 4 M urea solution and ethanol and 1% sodium 
sulfite. 
Figure 5. X-ray diffraction pattern of gliadin films compared 
to gliadin powder. 
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when treated in pH 7 water and similar weight loss of 
about 12% at pH 9 and 11. So far, it has not been pos-
sible to obtain gliadin films with good water stability 
even after crosslinking. Gliadin films previously cross-
linked with formaldehyde were not stable under 90% 
relative humidity and those crosslinked with glutaral-
dehyde had about 30% weight loss after being treated in 
23 °C water for 24 h [3, 4, 13]. 
Gliadin films developed in this research were also 
stable in pH 7.2 water for up to 20 days but lost weight 
continuously as seen in Figure 7. The highest loss in 
weight was between 3 and 5 days and there was a grad-
ual weight loss from 5 to 20 days. The gliadin films had 
disintegrated completely after 20 days in pH 7.2, 50 °C 
water. The PLA films have much better stability than 
the gliadin films as seen from Figure 6. PLA films lose 
about 10% of their weight after 5 days and have a maxi-
mum weight loss of 30% after 20 days in pH 7.2 water at 
50 °C. The formation of intermolecular disulfide bonds 
and increase in the molecular weight of the proteins 
should be the major reason for the high water stability 
of gliadin films developed in this research compared to 
the stability of crosslinked gliadin films previously de-
veloped [14]. 
Thermal Analysis
The DSC thermogram of the gliadin films in Fig-
ure 8 shows a Tg peak at about 164 °C. It has been re-
ported that native gliadins have Tg around 150 °C and 
that crosslinking increases the Tg of gliadin due to the 
decreases in the mobility of the polymers [13]. Glia-
din films crosslinked with glutaraldehyde and glyoxal 
showed increase in Tg to 159 and 156 °C compared to 
153 °C for the non-crosslinked films whereas films cross-
Figure 6. Weight losses of the gliadin and PLA films treated in 
90 °C water for 1 h at various pH conditions. The gliadin films 
were cast using 7% gliadin, equal amounts of 4 M urea solu-
tion and 90% ethanol with 1% sodium sulfite. 
Figure 7. Weight loss of the gliadin and PLA films after being 
treated in pH 7.2, 50 °C water from 1 to 20 days. The gliadin 
films were cast using 7% gliadin, equal amounts of 4 M urea 
solution and 90% ethanol with 1% sodium sulfite. 
Figure 8. DSC thermogram of 
gliadin films. The films were 
made with 7% gliadin, 4 M urea 
solution and 90% aqueous eth-
anol were scanned at a rate of 
5 °C/min and the second scans 
were collected for analysis to re-
veal the Tg. 
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linked with formaldehyde had much higher increase in 
Tg to about 177 °C [13]. The higher Tg of gliadin films 
developed in this research compared to native gliadins 
indicates that the extent of crosslinking obtained in this 
research is between that of the formaldehyde and glu-
taraldehyde or glyoxal crosslinked films. The DSC curve 
does not show any urea melting peaks between 130 and 
135 °C also suggesting that there was no urea in the 
films. 
Conclusions
Gliadin films with excellent strength and water stabil-
ity have been developed without using any crosslink-
ing agents. The molecular transformation of disulfide 
bonds in gliadin proteins in high concentration urea 
solutions increases the molecular weight, crosslinks 
the proteins and provides high strength and water sta-
bility to the films. FTIR spectra and DSC curves show 
that urea was removed from the films during washing. 
Films developed in this research have strength similar 
to that of crosslinked gliadin films previously devel-
oped but with much better water stability. However, the 
films have low elongation (2–5%) since plasticizers were 
not used. The films have good water vapor permeabil-
ity with slight yellow color. Thermal analysis indicates 
an increase in the Tg of gliadin proteins but the physi-
cal structure of the proteins remains unchanged. Further 
research is necessary to understand the effects of plas-
ticizers and crosslinking with crosslinking agents such 
as aldehydes on the mechanical properties and water 
stability of the gliadin films developed using the mixed 
solvent system. 
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